A key regulator of cell division in most walled bacteria is the FtsZ protein that assembles into 2 protofilaments attached to the membrane at midcell. These dynamic protofilament assemblies, known as 3 the Z-ring, act as a scaffold for more than two dozen proteins involved in synthesis of septal cell envelopes. 4
Introduction 24
Cell division in E. coli and other bacteria is an essential process subject to spatial and temporal 25 coordination with the chromosome replication cycle (1, 2). The coordination guarantees with high fidelity 26 that bacteria in steady-state growth divide once per initiation of chromosome replication, and that 27 division occurs between completely replicated chromosomes. Significant progress has been made in 28 identifying and unravelling the molecular mechanism involved in correct positioning of the bacterial cell 29 division machinery, the divisome, relative to the chromosomes. Currently, three partially redundant 30 molecular systems are known in E. coli that are involved in the positioning of its divisome (3). At the same 31 time it has remained largely unclear how the division process is controlled temporally. 32
The earliest defined event in bacterial cytokinesis is assembly of the tubulin-like FtsZ protein into a 33 dynamic ring-like polymer structure, the Z-ring, which localizes at midcell (4, 5). FtsZ is a GTPase that is 34 conserved in nearly all walled bacteria (6). In the presence of GTP FtsZ monomers polymerize into dynamic 35 protofilaments (7, 8). It has recently been shown that these filaments treadmill (9-11). The protofilaments 36 form higher order structures such as bundles and sheets in vitro (12, 13) and likely also in vivo (14) . In E. 37 coli protofilaments are tethered to the inner membrane via FtsA (15) and ZipA (16) linkers. These two 38 proteins, together with FtsZ and non-essential Z-ring associated proteins ZapA-D, form an early divisome 39 complex, the Z-ring (5). After formation of the Z-ring, but with a distinct delay (17), about 30 other proteins 40 are recruited to the division site in a specific order forming a mature divisome (18, 19) . Once divisome has 41 matured, it then carries out synthesis of septal cell wall and membranes (20) between residues 55 and 56 of FtsZ (FtsZ-mNG), to determine the changes of FtsZ numbers and 79 concentration during the cell cycle (detailed description of all strains is in SI Table S1 ). For measurements 80 of cells in steady state conditions we grew them in microfluidic mother machine channels (42, 43). The 81 linear colonies in mother machine channels allow determining spatial distribution of fluorescent 82 intensities from individual cells through the division process without uncertainties introduced by nearby 83 cells. Such uncertainties are present when agarose pads and dishes are used for imaging. As a first step in 84 the analysis we collected intensity profiles from time-lapse measurements to kymographs (Fig. 1A, B) . 85
These kymographs here and in later sections are extended beyond the division events to bring more 86 clearly out variations of FtsZ levels during the cytokinesis. We studied cells in slow growth conditions in 87 M9 glycerol medium with doubling time of T d =160±30 min (Fig. 1A) and in faster growth with doubling 88 time of T d =74±19 min (mean±s.d.) where M9 glucose was supplemented with casamino acids (Fig. 1B) . 89
Note that all measurements were performed at 28C. In addition to the strain carrying FtsZ-mNG, we also 90 measured the FtsZ concentration in a control strain that expressed an FtsZ C-terminal fusion to GFP (FtsZ-91 GFP) under control of lac-promoter from a plasmid (SI Fig. S1 ) (9, 44). The FtsZ-GFP strain shows 92 comparable doubling times in slow T d =160±29 min and fast T d =80±24 min growth conditions. In the strain 93 with plasmid expressed FtsZ-GFP, one would not expect to observe cell cycle dependent variations in the 94 concentration of the fluorescent proteins. Consistent with this expectation, the concentration of 95 fluorescent FtsZ from plasmid expressed FtsZ-GFP varied less than 10% during the cell cycle in both slow 96 (Fig. 1C ) and fast growth conditions (Fig. 1B) in population average measurements. In contrast, we found 97 a 37% variation of endogenously expressed fluorescent FtsZ-mNG in slow growth conditions. In fast 98 growth conditions, however, the variation of FtsZ concentration was essentially at the level of the control 99 (10%). The measurements thus show that FtsZ levels in E. coli undergo cell cycle dependent oscillations 100
with an amplitude that depends on growth conditions. 101
In parallel to the concentration we also determined the variation of fluorescent FtsZ during the cell cycle 102 (Fig. 1E, F) . Instead of a monotonic increase, the number of these molecules decreased at the end of the 103 cell cycle in slow growth conditions ( FtsZ was essentially constant during the cell cycle in clpP and clpX strains (Fig. 2A) . There was also no 123 apparent degradation in the end of the cell cycle, which could be inferred from the decrease of FtsZ 124 number in these two strains (Fig. 2B) . At the same time, the clpA control strain behaved very similar to 125 the one without the deletions. From here on, we will refer to the latter as the wild type (WT) strain 126 notwithstanding its modified FtsZ. We found that cell cycle average concentrations and FtsZ levels in clpP 127 and clpX strains were a factor of 4 higher than in WT (Fig. 2C ) while in clpA strain the difference was 128 only 1.2 times. The latter was also statistically significant (p<10 indicates that synthesis of FtsZ is cell cycle dependent in slow growth conditions. In clpP and clpX cells 136 we can distinguish two periods in the cell cycle that have different FtsZ synthesis rates. These periods 137 correspond to two different slopes in N vs t curves (Fig. 3B) . To find the beginning of these periods and 138 rate of change in FtsZ numbers in each period we performed a piecewise linear fit to the curves from 139 individual cells. Compilation of the fitting results shows (Fig. 3C) During this period the synthesis rate is about three times higher than that during the rest of the cell cycle. 142
Large variations in start and end times of this period among cell population explain why in population 143 averaged data ( Fig. 2A ) the period with higher synthesis rate did not reveal itself. 144
The times T 1 and T 2 cited above did not include corrections for the maturation of the fluorescent reporter. 145
To make this correction we measured maturation time of mNG in our cells using an approach described 146 It is noticeable that while the beginning (T 1 ) and end (T 2 ) of FtsZ synthesis upregulation showed substantial 168 cell-to-cell variability, the beginning (T 3 ) and end (T 4 ) of fast degradation of FtsZ showed less stochasticity 169 (Fig. 3G) . This indicates that different types of regulation are involved in controlling synthesis and 170 degradation. While synthesis is likely controlled at the transcriptional level and is known to have a high 171 level of stochasticity (51) the same appears not to be the case for degradation. 172
We also attempted the same analysis for WT cells in fast growth conditions. Since degradation of FtsZ was 173 not visible in most individual N vs t curves, only periods of slow and fast FtsZ synthesis were determined. 174
The analysis indicated about two fold increase in FtsZ synthesis rate from T 1,cor =0 to T 2,cor =0.5T d compared 175
to the remainder of the cell cycle (SI Fig. S3 ). This difference is statistically significant in t-test (p<10 -5 for 176 equal slopes). However, taken that the maturation time of fluorescent reporter in these growth conditions 177 is about a third of the doubling time, our analysis is expected to significantly underestimate differences in 178 the rates and as such is not directly comparable to the values from slow growth conditions. 179
Quantification of degradation rates in slow growth conditions. Using data from piecewise linear fits to N 180 vs t curves from individual cells we next quantify the distribution of relative amounts of FtsZ degraded in 181 the end of the cell cycle. We find a broad distribution of degraded amounts with an average of 22±14% 182 ( In addition to degraded amount, we also determined the time-average degradation rate at the end of the 190 cell cycle (Fig. 4B) . We found for the cell population the rate d f = 0.010±0.05 min -1 . This rate is about factor 191 two larger than the one found from bulk measurements in unsynchronized E. coli cultures (46). However, 192 this difference should not be over interpreted because d f depends on the protease concentration in the 193 cell (see SI Modelling). The latter is likely to vary from strain to strain and from one growth condition to 194
another. 195 We also determined the degradation rate of FtsZ during the remainder of the cell cycle. For that end we 196 inhibited protein synthesis by chloramphenicol and observed decay in fluorescent signal of FtsZ-mNG (Fig.  197 4C,D). As described earlier, the fluorescent signal increases immediately after inhibition of protein 198 synthesis because of maturation of the fluorescent label (50). To avoid this effect, we determined 199 degradation rates after four mNG maturation half-lifetimes (100 min) from administering the drug ( when FtsZ begins to dissociate from the Z-ring (T dis ). We defined the latter as a time in the cell cycle when 211 the total amount of FtsZ in the Z-ring starts to decrease (Fig. 5A) . The comparison shows that the two 212 times are highly correlated within the cell population (R=0.95) and essentially co-incident (Fig. 5B) . The 213 data also show that the total time it takes to dissociate FtsZ from the Z-ring does not depend whether 214
ClpXP is present or absent (Fig. 5C ). These data together indicate that FtsZ degradation does not drive Z-215 ring dissociation but is a consequence of it. One can furthermore conclude that the increase in the 216 degradation rate is not triggered by an increase in ClpXP numbers but rather by its accessibility to FtsZ. 217
After FtsZ dissociates from the Z-ring it can be expected to be mostly monomeric. To determine if an 218 increase in the numbers of monomeric FtsZ can explain its rapid degradation at the end of the cell cycle, 219
we artificially induced dissociation of the Z-ring to monomeric FtsZ. For this purpose, we transformed the 220 did not lead to any detectable degradation of FtsZ (SI Fig. S5A, B) . Moreover, SulA upregulation did not 226 change synthesis rate of FtsZ. In cells where SulA was upregulated in early stages of the cell cycle, FtsZ 227 synthesis followed its well-defined pattern (cf. Fig. 3F ) despite SulA expression (SI Fig. S5C, D) . 228
Consequently, the increase in monomer FtsZ concentration in the cytoplasm during Z-ring dissociation is 229 not the reason for its rapid degradation at the end of the cell cycle. 230
Correlations between FtsZ upregulation and Z-ring formation. Previously presented data (Fig. 3E) show 231 that FtsZ synthesis rate increases 4-fold shortly after cell birth at 0.1T d in slow growth conditions. We next 232 investigate to what degree this upregulation correlates with the Z-ring formation. To answer this question 233 we determined from kymographs, such as shown in Fig. 5A , the time when the Z-ring forms (T z ). Note that 234 in fast growth conditions, in almost all cells (94%), the Z-ring formed immediately after cell birth (SI Fig  235   S6 ). However, in slow growth conditions there was a distinct delay between cell birth and the formation 236 of the Z-ring (Fig. 6A) . On average the Z-rings formed at T z =0. At the time when the Z-ring formed, the amount of FtsZ in the cells (Fig. 6F ) and its concentration (Fig.  247 6G) were about the same, and independent of the time the Z-ring formed (R=-0.02; R=-0.05, respectively). 248
These data together show that cells with a low amount of FtsZ at birth synthesize more FtsZ to reach the 249 level needed for Z-ring formation. However, the variation of both the amount of FtsZ and its concentration 250 at the time of the Z-ring formation was large in cell population with a coefficient of variation CV = 20%. 251
Large variation is indicative that FtsZ level is not the sole factor that controls the timing of the Z-ring 252 formation. Altogether we conclude that FtsZ upregulation is necessary for the formation of the Z-ring in 253 slow growth conditions but is not an immediate trigger for it. 254
Discussion 255
We investigated changes in FtsZ numbers and concentration in slow and fast growth conditions in E. coli, 256 and the effects these changes have on Z-ring formation. We found that in fast growth conditions the Z-257 ring formed in essentially all daughter compartments (94% of cells) concurrent with the dissociation of 258
FtsZ from the constriction of the mother cell. This observation is consistent with previous reports (8, 54). 259
Immediate formation of the Z-ring in fast growing cells indicates that there is no specific cell cycle control 260 over this process. In contrast there is a distinct delay between cell birth and formation of the Z-ring in 261 slow growth conditions. Even though the delay has large cell-to-cell variation (± 0.13T d ), its presence 262
indicates that there is a cell cycle based control over the Z-ring formation. 263
Our data shows that regulatory mechanisms controlling Z-ring formation in slow growth conditions 264 includes a faster FtsZ synthesis rate in the first half and its rapid degradation in the last 10% of the cell 265 cycle. The progression of these cell cycle events is quantitatively summarized in Fig. 7A , B. To further 266 validate this model we compared it to numerically calculated FtsZ numbers and concentrations. The 267 numerical calculation is based on experimentally determined rates including maturation rate of mNG (see 268
SI Modelling for details). The only unknown parameter in these calculations is the conversion factor 269
between one recorded fluorescent unit and emission from single FtsZ-mNG. Although we have estimated 270 this conversion factor from photobleaching measurements, the uncertainties involved are large. 271
Therefore we compare the experimental data and calculated curves after normalizing both by their 272 maximum values. The normalized model and population average data show a good agreement (Fig. 7C,  273 D). The two deviate from each other most significantly at time T 3 when the degradation rate of FtsZ 274 increases. The sharp cusp in the model is not present in population average data partially because of the 275 spread of degradation start times in the population. It is also plausible that part of the discrepancy is 276 caused by gradual increase in the degradation rate around time T 3 instead of discontinuous change that 277 we assumed in our analysis and model. Similarly to degradation rate one would also expect that the 278 synthesis rate in individual cells shows a more complicated behavior than discontinuous change between 279 constant levels at times T 1 and T 2 . It is well-known that individual cell level protein synthesis show bursts 280 of activity (55). These details go beyond our simplified model (Fig. 7A,B) , which captures a population-281 average behavior on a coarse temporal resolution. 282
The FtsZ regulation cycle in slow-growing E. coli shows close resemblance to the one in Caulobacter 283 crescentus swarmer cells. In Caulobacter swarmers, FtsZ synthesis is upregulated after transformation of 284 a swarmer to a stalked cell occurs, and it is downregulated in the beginning and end of the cell cycle (56). 285
Also, as we observed in slow growing E. coli, FtsZ is degraded in the end of the cell cycle (56, 57). In both 286 organisms the degradation occurs via ClpXP based proteolysis, but in the case of Caulobacter ClpAP 287 appears to play also a significant role (57). In our measurements the effect of ClpAP was modest (Fig. 3) . 
Materials and Methods 327
Strains and growth conditions. All strains are derivatives of E. coli K-12 (Keio collection strain BW27783). 328
The strains and plasmids are described in details in SI Table S1 . All cells were grown and imaged in M9 329 minimal medium (Teknova) supplemented with 2 mM magnesium sulfate. In slow growth conditions 0.3% 330 glycerol and in fast growth conditions 0.5% glucose supplemented with 0.2% casamino acids (ACROS 331 Organics) were added to the media. During cell culturing on agar plates and in liquid media kanamycin (25 332 µg/ml) and chloramphenicol (25 µg/ml) were used as needed for all FtsZ-mNG expressing strains, and 333 higher concentration of chloramphenicol (80 µg/ml) for the strain expressing FtsZ-GFP from the plasmid. 334
No antibiotics were used during cell growth in microfluidic devices, except for a plasmid expressing FtsZ-335 GFP strain (chloramphenicol, 40 µg/ml). Cells were grown and imaged at 28 C. 336
Microfluidic chip fabrication. 337
Soft-lithography of PDMS (polydimethylsiloxane) was used to fabricate microfluidic chips following 338 previously described procedure (43). Briefly, silicon molds were fabricated combining e-beam and 339 photolithography, and reactive ion etching. The mold defined dead-end channels, which were 0.8 m 340 wide, 1.1 m high, and 20 m long. PDMS (Sylgard 184, Dow Corning) was poured on passivated mold 341 and baked for 15 min at 90 C in a convection oven. Subsequently, the solidified PDMS layer was peeled 342 from the mold and cut into pieces. Access holes to each piece, corresponding to one microfluidic device, 343
were then punched using a biopsy needle. A PDMS piece was then plasma treated together with a clean 344 #1.5 coverslip (Fisher Scientific). The two were bonded together after the treatment. 345
Preparation and culturing E. coli in microfluidic devices. After overnight growth in liquid media, 1 µg /ml 346 of bovine serum albumin (BSA) was added to 1.5 ml of overnight cell culture (OD 600 > 0.4) and concentrated 347 100x by centrifugation. A 2-3 μl of resuspended culture was then pipetted into main flow channel of a 348 microfluidic mother machine device. The cells were then allowed to populate the dead-end channels for 349 about 1 hr. Once these channels were sufficiently populated, tubing was connected to the device, and the 350 flow of fresh M9 medium with BSA (1 µg/ml) was started. The flow was maintained at 5 µl/min during the 351 entire experiment by an NE-1000 Syringe Pump (New Era Pump Systems, NY). To ensure steady-state 352 growth, the cells were left to grow in channels at least 14 hr before imaging started. Piecewise linear fits to total fluorescence curves were carried out using a custom Matlab script. Number 386 of different segments for clpP and clpX strains was four and for WT strains six. The end point intensities 387
and times for each segment were treated as fitting parameters. The exponential fits to find maturation 388 rate of mNG and linear fits to find basal rate of FtsZ degradation were carried out in Origin 2016 software. 389
Further discussion on accuracy of this procedure is given in SI Modelling. 
